Abstract: Urban and peri-urban forests determine different habitat services for biodiversity according to their characteristics. In this study, we relate ecological characteristics of urban and peri-urban forests to forest bird species richness and we assess whether their effect changed over time due to the urban sprawl within the urban region of Milan, Italy. We analyse two periods (1998-2002 and 2010-2014) using weighted generalized linear models that considered urban and peri-urban forests collectively and urban and peri-urban forests separately. Patch area, proximity to source areas and number of surrounding urban and peri-urban forests were the main factors predicting species richness within urban and peri-urban forests in both periods. While there were no differences in factors affecting bird richness in peri-urban forests between the two periods, the negative effect of urban matrix density was statistically significant for birds inhabiting urban forests in the second period. Moreover, protected areas within urban and peri-urban forests and urban forests in the second period were important determinants in providing suitable habitat for birds at the regional scale. This study offered important insights regarding urban and peri-urban forests characteristics that should be maintained to ensure biodiversity conservation across changing urban landscapes.
Introduction
The continuous growth in number and size of urban areas poses great challenges for ensuring human well-being and preventing an increasing loss of habitats and biodiversity [1] . In 2010, the International Year of Biodiversity, urbanization was viewed as endangering more species and to be more geographically ubiquitous than any other human activity [2] . The loss of biodiversity is of critical concern, given that diversity plays a key role in long-term ecosystem functioning and in provisioning of ecosystem services [3, 4] . One of the challenges to ecosystem functionality and the provision of ecosystem services is the increasing fragmentation of natural and semi-natural habitats due to urban sprawl [5] . Increasing urbanization has created a network of ecological barriers that have exacerbated the isolation of natural habitats scattered across the landscape [6] [7] [8] . In this context, small residual natural forests, as well as new wooded areas arising from reforestation or secondary succession following land abandonment, have grown in importance [9] .
Urban and peri-urban forests (UPUFs) are crucial to maintain biodiversity, which in turn provides a large number of ecosystem services upon which local human communities depend [10] . Indeed, UPUFs can provide refuge for species whose native habitats have been largely lost [11] , even allowing for the occurrence of forest specialists in these urban and peri-urban landscapes [12, 13] . They may play a role in providing dispersal corridors or stepping stones among habitat patches [14, 15] . The presence of UPUFs has enabled some urban areas to host high levels of biodiversity [16] . For instance, in Leipzig, Austria, high bird diversity occurs in dense housing districts, with open backyards that contain older trees than the ones in the surrounding areas [17] . Urban biodiversity conservation represents a great challenge and it calls for investigations at large spatial scales [18] aimed at identifying which particular characteristics of UPUFs should be maintained to effectively preserve biodiversity. Indeed, the characteristics of UPUFs such as size, spatial pattern, management strategies, or the effect of the surrounding urban matrix, may have a significant effect on biodiversity [14, 19] . In the study reported here, we focus on forest bird species, a group that is considered to be a good indicator of forest biodiversity because of its propensity to respond rapidly to habitat changes [20] . Specifically, we aimed to assess whether the effect of particular characteristics of UPUFs on forest bird species richness varied over time due to the intensification of urban sprawl that occurred between 2000 and 2012 in the urban region of Milan, Italy, one of the largest urban areas in Europe. By providing evidence of the importance that different UPUF characteristics have in a rapidly changing urban environment, we highlight the need to investigate forest bird richness relative to continuous urban growth to provide insight into the current contribution of UPUFs to effectively support biodiversity conservation.
Materials and Methods

Study Area
In this study, we focus on UPUFs within the urban region of Milan, an area of 8090 km 2 in northern Italy (Figure 1 ). The urban region is defined as a widespread geographical area associated with a major city with surrounding lands and it comprises urban, peri-urban rural and natural lands within its boundaries [21] . The determination of the spatial extension of the urban region of Milan was based on a combination of land use and population density (for more details, see [22] ). The urban region is characterized by a northern band of natural and semi-natural lands separated from the southern agricultural lands by a semi-continuous urban belt. The presence of UPUFs in this area is of particular interest as the urban region could represent a semi-permeable barrier to animal dispersal between the mountain region characterizing the northern part of Lombardy and the floodplain in the south ( Figure 1A ). Overall, land cover types within the urban region are mainly represented by anthropogenic or agricultural areas (together covering approximately 70% of the area), while forests cover 20% and semi-natural lands, together with water bodies and wetlands, cover the remaining 10%. 
Bird Data
Bird data are obtained from a long-term (1992-2016) monitoring program of breeding birds in Lombardy [23] . Surveys were performed each year during the breeding season (10 May-20 June), from sunrise to 11:00 a.m. (Central European Time, CET), only in good weather conditions (sunny to cloudy, without rain or strong winds). Data were collected using the 10 min unlimited distance point count technique [24, 25] . For this research, we select point counts conducted in urban and peri-urban forest patches or within a 50 m buffer around them. To detect temporal variations of the use of UPUFs by birds over time, we select point counts performed during two time-windows: 1998-2002 and 2008-2012. We use five-year time-windows to avoid anomalous year effects that could bias the conclusions [19] . For this study, we consider only forest-dependent species, that we define as species breeding on trees or shrubs. Moreover, we only consider species detected in at least 5% of the patches identified for each time-window. Indeed, species with such low frequencies of occurrence are probably those characterized by a very low detection probability due to their intrinsic rarity (e.g., lesser spotted woodpecker Dendrocopus minor) or as a result of ineffective survey methods (e.g., birds of prey). Overall, we examined 34 bird species for the time-window 1998-2002 and 30 for the time-window 2008-2012 (for the complete list of species, see Table S2 ).
Landscape Data
The In particular, we take into account all patches belonging to one of the following categories of land cover: green urban areas (DUSAF class: 141), tree plantations (224), broadleaved forests (311), coniferous forests (312), mixed forests (313), broadleaved reforestations (i.e., temporary arboreal plantations) (314) and shrublands (324). From the original sets of urban and peri-urban forest patches, for each period we select only the patches where point counts were performed. Moreover, we exclude all patches larger than 1000 ha and all those composed of broadleaved or mixed forests, because they could be considered as source areas for the target forest-dependent bird species in our study area [28] . In those large patches, the percentage of observed forest-dependent species ranged from 71% to 97% of the whole pool of forest-dependent species in the time- [29] , and starting from the 2000 and 2012 cartographies, we calculated the following landscape variables for each patch: patch area (PA), minimum distance from the nearest source area (DSA; i.e., a forest patch larger than 1000 ha), surface occupied by forests (SF) in a buffer of 1000 m (see [19, 28] for studies which adopted a similar buffer size), number of neighboring forest (NF) patches in a buffer of 1000 m, surface occupied by urban areas (excluding urban green areas) in a buffer of 1000 m (SU) and number of neighboring urban (NU) patches in a buffer of 1000 m. For each UPUF, we also consider the type of urban or peri-urban forest (TYPE; e.g., green urban area, broadleaved forest, tree plantation), if it was included in a protected area or not (PrA/notPrA) and if it was classified as an urban or as a peri-urban forest (URB/PERI-URB). This last variable is obtained based on the classification developed in a previous effort to map the boundaries of the urban region. In order to do that, the area of the urban region was divided into a 100 × 100 m grid and each cell classified as urban, peri-urban, rural or natural. Definition of such classes was based on a combination of built-up surface and population density data (for further details, see [22] ). In order to define urban and peri-urban forests for this study, we determine the percentage of inclusion of the forest patches into urban or peri-urban cells. Patches included in urban cells for more than 50% of the patch area are classified as urban forests (URB), otherwise they are classified as peri-urban forests (PERI-URB). The mean and ranges of all the environmental variables considered are listed in Table S1 .
Statistical Analysis
In order to evaluate whether the effect of different environmental variables on bird species richness characterizing UPUFs changed over time, we use six statistical models. Specifically, we use three pairs of models (each pair consists of one model for the first and one for the second time-window). The first pair of models considers the whole set of UPUFs, while the second and the third pairs consider urban forests and peri-urban forests, respectively.
We test the first pair of models using Weighted Generalized Linear Models (WGLMs) with a Poisson distribution and the total number of bird species detected (i.e., species richness) in each UPUF during the five years of each time-window as the dependent variable. Continuous covariates include PA, DSA, SF, NF, SU and NU, whereas TYPE, PrA/notPrA and URB/PERI-URB are considered as categorical variables. Similarly, we test the second and third pairs of models using WGLMs with a Poisson distribution and species richness, detected in urban forests and peri-urban forests, respectively. We consider the same suite of continuous and categorical variables with the exception of URB/PERI-URB. In addition, we include the spatial coordinates of patch centroids (East and North) within each model, to control for two ecological processes that could affect bird species richness in Lombardy. The first process considers differences in bird species assemblages in Lombardy moving from continuous forests of the Alps to fragmented forests of the lowland (i.e., North to the South), while the second process considers a natural increase of forest bird species richness moving from East to West, as observed in other studies carried out in Lombardy (e.g., [30] ). All of the continuous independent variables are standardized by subtracting the mean of variables and dividing by the standard deviation (i.e., by centering and scaling). To control for sampling effort among patches, the number of point counts per patch is used as a weighting factor, assuming that the number of point counts per patch indicates the precision of the information contained in the associated observation (i.e., species richness). All the models are checked for over-dispersion [31] using the AER package in R [32] . In order to remove collinearity between variables, for each model we calculate the Variance Inflation Factor (VIF) using the usdm package in R [33] and, starting from the covariate showing the higher VIF value, we systematically remove all the covariates with a VIF value >3 [34] , until all the variables in the model show a VIF value <3. We also verify that all other GLM requirements are met by visually checking diagnostic plots (normal Q-Q plot, Scale-Location plot of standardized residuals against fitted values and Cook's plot against leverages). We check for spatial autocorrelation in model residuals using Moran's I test with 999 permutations [35] by means of the spdep package in R [36] . All the analyses are performed using R Version 3.4(Foundation for Statistical Computing, Vienna, Austria) [37] .
Results
Forest Bird Richness
The mean number of species detected within each forest patch surveyed was 8.88 (±0.24 standard error (SE)) for 1998-2000 and 8.84 (±0.24 SE) for 2010-2014. Considering urban forests only, the mean number of species detected within each patch was 8.22 (±0.22 SE) for 1998-2000 and 8.04 (±0.21 SE) for 2010-2014; while considering peri-urban forests only, the mean number of species detected within each patch was 9.60 (±0.26 SE) for 1998-2000 and 10.40 (±0.28 SE) for 2010-2014.
Models
The WGLM using the whole set of UPUFs for the first period accounted for 41% of the variance (Table 1) . Both PA and NF had a significant positive influence on bird species richness. Conversely, the DSA showed a significant negative effect. The model showed that bird species richness was on average 0.151 (SE = 0.041) lower in urban forest patches than peri-urban forests. The analysis also showed that there are fewer species moving eastward. The WGLM that included UPUFs for the second period accounted for 37% of the variance (Table 2 ). Like the model for the first time-window, both PA and NF had a significant positive influence on bird species richness, while the DSA showed a significant negative effect. The model also showed that bird species richness was on average 0.163 (SE = 0.033) lower in urban forest patches than peri-urban forests, and that bird species richness was on average 0.169 (SE = 0.043) higher in patches included in protected areas. The analysis showed that species richness was higher in patches moving towards the East. Table 2 . Results of the Poisson WGLM for 2010-2014 considering the entire set of urban and peri-urban forest patches in the UR of Milan. PA: patch area. DSA: minimum distance from the nearest source area. NF: number of neighboring forest patches in a buffer of 1000 m. PrA: patch included within a protected area (patch not included within a protected area represents the control level). URB: patch classified as an urban forest. East and North: coordinates of each patch centroid (patch classified as a peri-urban forest represents the control level). SE: standard error of estimates. z: Wald statistic for testing the hypothesis that the corresponding estimate is equal to zero (null hypothesis). Pr(>|z|): probability that the null hypothesis is true. VIF: Variance Inflation Factor. The model explained 37% of the null deviance. The WGLM for the first period, considering urban forests only, accounted for 31% of the variance (Table 3 ). In this model, only PA had a significant positive influence on bird species richness. The analysis also showed that there are fewer species moving eastward. Table 3 . Results of the Poisson WGLM for 1998-2002 using the set of urban forest patches only in the UR of Milan. PA: patch area. DSA: minimum distance from the nearest source area. NF: number of neighboring forest patches in a buffer of 1000 m. PrA: patch included within a protected area (patch not included within a protected area represents the control level). East and North: coordinates of each patch centroid. SE: standard error of estimates. z: Wald statistic for testing the hypothesis that the corresponding estimate is equal to zero (null hypothesis). Pr(>|z|): probability that the null hypothesis is true. VIF: Variance Inflation Factor. The model explained 31% of the null deviance. The WGLM used for the second period, considering urban forests only, accounted for 56% of the variance (Table 4) . Similar to the model considering urban forests only for the first period, PA had a significant positive influence on bird species richness. Conversely, this model also showed a significant negative effect on bird species richness of both DSA and NU. The model also showed that, considering the second period, bird species richness was on average 0.151 (SE = 0.054) higher in patches included in protected areas and species richness was higher in patches to the East. Table 4 . Results of the Poisson WGLM for 2010-2014 considering the set of urban forest patches only in the UR of Milan. PA: patch area. DSA: minimum distance from the nearest source area. NU: number of neighboring urban patches in a buffer of 1000 m. PrA: patch included within a protected area (patch not located inside within a protected area represents the control level). East and North: coordinates of each patch centroid. SE: standard error of estimates. z: Wald statistic for testing the hypothesis that the corresponding estimate is equal to zero (null hypothesis). Pr(>|z|): probability that the null hypothesis is true. VIF: Variance Inflation Factor. The model explained 56% of the null deviance. The WGLM used for the first period, considering only peri-urban forests, accounted for 46% of the variance (Table 5 ). In this model, both PA and NF showed a significant positive influence on bird species richness, while the DSA had a significant negative effect. The analysis also showed that there are fewer species moving to the East and to the North. The WGLM performed for the second period, considering peri-urban forests only, accounted for 9% of the variance (Table 6 ). In this model, PA had a significant positive influence on bird species richness, while NF and the DSA showed a marginally significant positive and negative effect on bird species richness, respectively. Table 6 . Results of the Poisson WGLM performed for 2010-2014 considering the set of peri-urban forest patches only in the UR of Milan. PA: patch area. DSA: minimum distance from the nearest source area. NF: number of neighboring forest patches in a buffer of 1000 m. PrA: patch included within a protected area (patch not included within a protected area represents the control level). East and North: coordinates of each patch centroid. SE: standard error of estimates. z: Wald statistic for testing the hypothesis that the corresponding estimate is equal to zero (null hypothesis). Pr(>|z|): probability that the null hypothesis is true. VIF: Variance Inflation Factor. The model explained 9% of the null deviance. 
Predictors
Discussion
Factors Affecting Bird Species Richness in UPUFs
Urbanization affects the heterogeneity of the landscape and, consequently, the distribution and abundance of resources upon which birds depend [38] . In urban and peri-urban areas, fragmentation has the same deleterious effects on urban birds as in other fragmented landscapes [39] . For bird species in the UPUFs of the urban region of Milan, patch area, proximity to source areas and number of surrounding UPUFs were the main factors explaining differences in species richness for both the 1998-2002 and 2010-2014 periods.
A positive effect of forest patch size on urban biodiversity has been previously found [40] [41] [42] [43] . Our study supports previous findings associated with species-area relationships [44] in urban and in peri-urban landscapes. The higher bird richness observed in large urban and peri-urban forests was likely a result of the fact that urban-avoider species (such as forest interior specialist) may be present in addition to typically urban-tolerant species [45, 46] . Indeed, the presence of forest interior species in an urban area can be due to the presence of green areas of adequate size and habitat structure, which allow the colonization by species with specific area and habitat requirements [39] .
Our results highlight the importance of source areas to urban regions. Indeed, source areas usually produce a surplus of individuals that can disperse to less favourable areas. As demonstrated by island biogeography theory [47] , if there is no immigration of individuals from source areas, animal populations that occupy isolated habitat patches may be subject to extinction [28] . Similarly, populations of forest birds within UPUFs may be negatively affected by the absence of source areas that provide new sources of genetic variation. Because the size of UPUF patches is generally not adequate to maintain a vital population of forest species, it is thus arguable that source areas represent fundamental elements for the maintenance of functional metapopulations [39, 48] . In Milan, as in many other European cities located in intensive agricultural landscapes with scarce forest resources, it may be especially important to conserve extended natural woodlands surrounding the urban region to maintain viable populations of forest-dependent species within urban and peri-urban forest patches. Moreover, previous studies demonstrated how in these source areas it is also crucial to ensure proper forest management, as only the maintenance of forests characterized by a high degree of structural complexity can guarantee the persistence of abundant and rich bird assemblages [49] .
The analyses based on the entire set of UPUFs suggested an important role of multiple forest patches within the matrix. These surrounding forest patches likely represent stepping stone habitats that may increase the permeability of the urban matrix [50] by decreasing the density of the surrounding infrastructure, facilitating colonization from and to adjacent forest patches. Stepping stones may either be viewed as elements that simply decrease the distance among patches [51] , or they can provide functional corridors to animal movement [43] . The high importance of stepping stones in an urban area can be explained because connectivity is particularly important in urban landscapes [52, 53] , where the urban matrix greatly restrains bird movement [39] . In the case of the urban region of Milan, they appear to be a valuable element to support adjacent forest patches colonization. In this context, spatially aggregated UPUFs may work synergistically, generating the so-called "archipelago effect", to host richer bird assemblages compared to more isolated patches [28] . However, given the complexity of the urban environment in terms of heterogeneity of the land-cover mosaic and disturbance pressures [54] , further studies testing the actual capacity of specific forest patches to act as functional corridors (i.e., with data on bird movements) are needed.
Temporal Changes of the Effect of UPUFs Characteristics on Bird Richness
Many urban areas worldwide are expanding [55] and this may lead to severe land consumption, with the conversion of very large geographic areas into new anthropogenic landscapes. Urban sprawl affects birds at multiple levels of biological organization, from individuals at the local scale, to communities across continents [38] . Although the intensity of disturbance caused by urban sprawl is similar to that caused by deforestation, the former is more permanent, and the lands affected are less likely to revert to pre-disturbance conditions [38, 56] .
When disentangling the effect of environmental variables on UPUFs in Milan, it appears that although there are no differences in factors affecting birds in peri-urban forests between 2000 and 2012, the importance of inclusion in a protected area and the density of the surrounding urban matrix were important predictors of species richness for birds found in urban forests. It is interesting that in the first period the only factor explaining variation in bird species richness in urban forests was patch size. In a relatively limited time, just over a decade, the proximity of source areas and the protection regime of urban forests appeared to be as important as patch size as a predictor of species richness. The role of source areas was more important in the second time period compared to the first period likely because of the increase of urbanization that occurred in the study area over one decade. Indeed, the inhospitable nature of the urban matrix among forest patches increased as well and, thus, so did the degree of isolation between patches. It is known that demographic rates of populations inhabiting small habitat patches tend to become unfavourable (e.g., low reproductive success and high mortality rate) as isolation increases, mainly due to inbreeding and genetic drift. In this context, populations inhabiting small patches depend much more on immigration of individuals from source areas than compared to cases with weaker isolation [57] [58] [59] . Concomitant with the role of sources and protection was the deleterious effect of the dense surrounding urban matrix to the urban forests. Habitat patches are components of a landscape mosaic, and the presence of a given species in a patch is a function not only of patch size and isolation, but also of the type and characteristics of neighboring habitats [60] . Urban forest patches in our study area exhibited a rather depauperate bird assemblage relative to peri-urban forests in both 1998-2010 and 2010-2014. In fact, moderate urban development typically increases heterogeneity, but extreme development decreases heterogeneity and the availability of resources as they are permanently replaced with impervious surface and human infrastructure [38, [61] [62] [63] [64] . This pattern results in an increase in species richness and diversity with moderate levels of urbanization and a decrease with higher levels [38] . In the latter case, it is likely that additional environmental requirements need to be satisfied in order to preserve biological diversity compared to peri-urban areas.
The significant effect of the inclusion of a patch in a protected area emerged in the second time period when considering either the entire set of UPUFs or urban forests, suggesting that the protected areas that have been recently established (2000 Natura Sites: SCI-Site of Community Importance and SPA-Special Protection Areas) in the urban region of Milan offer greater advantages to bird conservation in urban forests compared to traditional regional protected areas, where protection policies are less stringent. This indicates that, despite the positive impact of patch size and proximity to source areas and to other forest patches, the inclusion of a forest patch in a protected area is an important strategy to maintain high levels of bird biodiversity in urban forests. This information can be used in conservation practices aimed at enhancing species richness in those urban landscapes where other options (e.g., extension of the size patches, creation of other proximate UPUFs) are not as feasible. Of course, this last result can be, in part, explained by considering that when reserves are designed they are usually located in areas characterized by more suitable habitats [65] where maintenance of biodiversity is favoured [66] .
Conclusions
Urban sprawl leads to increased conservation challenges [67] . An important issue is the reduction of the conflict between conservation priorities associated with natural and semi-natural habitats found within an urban region and the expansion of the built-up area [14] . This study offers important insights regarding which characteristics of UPUFs should be maintained to ensure a long-term persistence of rich bird assemblages in a changing urban area. Understanding how bird species respond to the past and to the current UPUF system and which factors could sustain species richness at different urban densities, from city core to peri-urban areas, is crucial when attempting to focus development towards biodiversity initiatives and the maintenance of fundamental ecosystem services.
Although urban ecosystem services provided by biodiversity are often supplied at smaller spatial scales and are more fragmented or disrupted than those of natural environments, they greatly affect and benefit the whole urban population. Following some projections, urban biodiversity will comprise a larger fraction of the world's repository of biodiversity in the future [68] and thus its proper management may have important effects from local to wider regional scales. Thus, undertaking pertinent conservation strategies may lead to multiple benefits, from providing suitable habitats for species to enabling opportunities for residents to experience nature and other cultural benefits deriving from urban and peri-urban forests.
Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/12/507/s1, Table S1 . Variables considered to evaluate temporal changes of the effect of urban and per-urban forest patches' characteristics on bird species richness in the urban region of Milan (northern Italy).
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